Dry high speed machining has been proposed as a viable and cost-effective process in metal cutting industries. However, it produces fine and ultra-fine metallic particles, also referred to as dust, which can be harmful to the machine-tool operator. The risk associated with exposure to metallic particles increases as the particle size decreases. For machining processes, little data exist on the size and distribution of dust generated during the shaping of materials. In order to reduce or eliminate the generation of these particles, it is necessary to understand how and under which conditions they are formed, as well as to be able to make predictions. In this study, the effects exerted by tool geometry, material, and machining parameters on dust emission were studied experimentally in order to understand the mechanisms of dust generation and to develop a predictive model. The particle sizes studied include the PM2.5 (particles with aerodynamique diameter below 2.5 lm) and a distribution of nanoparticles varying in size from 10 nm to 10 lm. Using dry machining and reducing the amount of dust generated should improve the air quality in machine shops in addition to helping protect the environment.
Introduction
The process performance of modern metalworking is not limited to criteria such as productivity, precision, surface quality, or cycle time. The protection of operators and the environment has become an additional machining process performance indicator which must be taken into consideration.
Generally, all machining processes generate aerosols in solid or liquid form, with both forms being harmful both to operator health and to the environment ( Ref 1, 2) . Solid aerosols are generated from part materials during dry and wet machining, while liquid aerosols are produced when cutting fluids are used (Ref [3] [4] [5] . The primary mechanisms responsible for wet aerosol production include fluid impact on the workpiece and evaporation (Ref [6] [7] [8] [9] [10] [11] . Cutting fluids are not only toxic (Ref 12, 13) , but are costly as well, given the price of initial purchase and the cost of treating used fluids.
Liquid aerosol produced from cutting fluids can be eliminated through dry machining, which however, also presents the problem of solid aerosol production. Eliminating cutting fluids reduces manufacturing costs and some of the aerosols generated. In fact, it has been determined that wet machining generates more fine airborne particles than does dry machining (Ref 14) . At high cutting speeds in dry machining, the particle size produced is between 1 and 4 lm, while in wet machining, the size is less than 1 lm ( Ref 14) .
In 1999, a World Health Organization working committee on airborne particles pointed out the need for research into particle generation during the manufacturing process, in order to allow regulations and controls to be brought in with respect to the production of airborne particles (Ref 15) .
In the USA, regulations of the Occupational Safety and Health Administration (OSHA) stipulate that worker exposure to fine dust and PM2.5 during an 8-h work shift must not exceed 15 mg/m 3 (Ref 14) . Regulations (DIN IN 482, 1991) are even more severe in Germany, where average fine particle emission must not exceed 6 mg/m 3 at any work station (Ref 16) . Environmental regulations governing aerosol emissions have traditionally been very strict. For example, in 2005, the OSHA called for a 50-fold decrease from the standards in effect at the time for the PEL of ''hexavalent chromium'' during the metal finishing process of 1 lg/m 3 (Ref 17) . In 1970, the OSHA, in setting the permissible exposure level (PEL), limited the concentration of cutting fluid mist in the industrial environment to 5 mg/m 3 , with a view to protecting operators, and then, in 1998, proposed that the level be further reduced to 0.5 mg/m 3 (Ref 18) . The major problem with dry machining is shortened tool life. Since cutting fluids are used to lubricate the operation and/or to cool the workpiece and the cutting tool, dry machining must therefore be performed with thermally stable tools. Carbide tools coated with TiN, TiC, or Al 2 O 3 are recommended for use in dry cutting (Ref 19) . If dry machining is not possible, a minimum quantity of lubricant (MQL) could be used to ensure a reasonable tool life. While the MQL method is an ecologically and economically beneficial machining technique , MQL is however still susceptible to the generation of wet and dry aerosols, in addition to needing additional equipment. For dry machining to become a viable alternative, it is therefore advisable that the focus be directed to the dry dust problem.
Dry aerosols generated during the metal cutting process have been found to be dependent on the workpiece material and on its condition, as well as on operating parameters ( Ref 14, [27] [28] [29] . Most of the works cited here (Ref [27] [28] [29] were performed only for drilling processes. Khettabi et al. (Ref 30) confirmed these results while turning steels and aluminum alloys. They also found that the tool lead angle affects chip formation, and the amount of metallic particles generated. The tool geometry, and the rake angle in particular, affects most of the process performance indicators present in metal cutting: cutting forces, temperature, chip formation, surface finish, tool life, and deformations.
During machining with larger negative angles, Ohbuchi and Obikawa (Ref 31) noticed that a stagnant region was present on the rake face of the tool, close to its tip. The presence of this zone modifies the tool geometry (rake angle and nose radius) and therefore influences chip formation. The stagnation zone is very similar to a built-up edge (BUE), except that it has a more stable structure (Ref 32). Ohbuchi and Obikawa (Ref 31) also proved the existence of a critical speed and a critical undeformed chip thickness for better chip formation and efficient material removal, and found that these critical values were affected by the rake angle. The chip formed and flew unconditionally when the rake angle was À15°or higher, while for a tool with rake angles between À15°and À45°, the critical speed increased as the rake angle decreased.
The use of negative rake angles results in a large tool-chip contact area and higher volume of chip, thus leading to increased cutting forces and heat generation (Ref 33) . The rake angle in fact modifies the chip formation, the shear angle, and the friction, and these indirect parameters can also have an impact on dust emission.
Fang (Ref 32) studied tool-chip friction occurring during machining with a large negative rake angle, and found that a negative tool rake angle increases the cutting force ratio, the chip thickness ratio, the tool-chip friction angle, the slip-line angle, the apex angle of the stagnation zone, and the coefficient of friction, but also decreases the shear-plane angle. These effects are the opposite of those encountered when a tool with a positive rake angle is used.
Very little is known about the effect of the tool rake angle and the interaction between the tool geometry, the workpiece materials, and the cutting parameters, on the generation of metallic particles during machining.
In this work, an extended study is carried out to identify the effects of the tool rake angle, chip segmentation density, materials, and cutting speed on dust emission during dry orthogonal cutting. The results will assist in the development of strategies for reducing fine and ultrafine dust emission and for predicting dust emission. Orthogonal cutting allows 2D modeling, which in turn simplifies the cutting process. Modeling particle emission seen during the cutting process requires an understanding of the mechanisms involved as well as the behavior of the material. Friction, shearing and deformation all come into play during machining operation. In predicting particle emission, it is difficult to quantify friction and plastic deformation during oblique machining. A first paper (Ref 30) studied particle emission occurring during oblique cutting (which is commonly used in industry), whereas one of the main goals of this work is to study orthogonal cutting in order not only to understand, but also to go onto model and find possible correlations between orthogonal and oblique processes.
Experimental Method
Different measuring instruments were used depending on the size of the particles studied. A laser photometer (TSI8520 Dustrack), an aerosol particle sizer (APS), and a scanning mobility particle sizer (SMPS) from TSI instruments were used to quantify the particles produced. For particle concentration, especially for those with an aerodynamic diameter below 2.5 lm, the laser photometer (Dustrack) was used. The Dustrack was connected to the dust recovery enclosure by a suction pipe (tube in Fig. 1 ). The air flow (1.7 L/min) passes through an impactor which allows only particles with an aerodynamic diameter lower than 2.5 lm to pass through to the measuring device (Fig. 1) . The APS, which measures the aerodynamic size distribution range from 0.5 to 20 lm, was used for particle size distribution. The APS spectrometer accelerates the aerosol sampled through an accelerating orifice. The particle aerodynamic size determines its rate of acceleration, with smaller particles accelerating more quickly due to decreased inertia. After this step, the particles cross through two partially overlapping laser beams in the detection area. Using light scattering at 90°, the light is collected and focused onto an avalanche photodetector (APD), which then converts the light pulses into electrical pulses. The use of two partially overlapping laser beams results in each particle generating a single two-crested signal. Peak-to-peak time-of-flight is measured with a 4-ns resolution for aerodynamic sizing. It has been found through a comparative study between the APS spectrometer and two other aerosol spectrometers that the APS results are similar to those obtained with the other spectrometers for mono-dispersed particles (Ref 34). However, for particles smaller than 0.7 lm, the APS system is less efficient than the portable aerosol spectrometer (PAS) (Ref 34) . To enhance the efficiency and the accuracy of the results, the APS was coupled with a SMPS to study the particle distribution during orthogonal turning. The SMPS spectrometer measures the aerosol size distribution range from 2.5 to 1000 nm using an electrical mobility detection technique. It uses a bipolar charger in the electrostatic classifier to charge the particles over a known charge distribution. The particles are then classified based on their ability to pass through an electrical field and are counted with a condensation particle counter (CPC). A computer equipped with an appropriate data acquisition (TSI Aerosol Instrument ManagerÒ software) and analysis system was connected to the measuring device. The TSI Aerosol Instrument Manager software is a program that controls instruments operation, collects and corrects the data for the number of charges and for the impactor and CPC lower-detection counting efficiency. It also provides file-management from both APS and SMPS. Data can be weighted by number concentration, diameter, surface area, volume, or mass. It also provides comprehensive statistical analysis for the entire distribution or specific size ranges selected.
The cutting conditions used for the experiments are summarized in Table 1 .
Results and Discussions
It was found that the quantity of dust generated during the machining process depends on the cutting tool geometry, the workpiece materials and the cutting parameters used (Ref [27] [28] [29] [30] 35) . Therefore, it is necessary to analyse the effect of these factors on dust emission.
Effect of Tool Geometry: Lead and Rake Angles
The tool geometry affects many aspects of the metal cutting process: it has a direct effect on the shearing action, on the deformation, on the cutting forces, on the temperature and the surface finish, and on chip formation. It is expected that the tool geometry also influences dust emission.
In an oblique cutting process, the chip shape is affected by the tool lead angle. However, it was found that the lead angle has no significant influence on the chip segmentation mode (Ref 30) . Low and large tool lead angles produce wide chips, but when the lead angle approaches 90°, the chip becomes thinner. Experimental results (Ref 30) showed that the dust emission, evaluated by the dust unit (Du), is very low when a 90°tool lead angle is used.
In orthogonal cutting, the tool geometry includes the clearance angle, nose radius, and the rake angle. The clearance angle is chosen so as to ensure that there is less friction between the tool and the workpiece. The rake angle affects the shear angle, the chip formation, flow and morphology, the contact length tool-chip, the cutting forces, the tool life, the temperature involved in the cutting, the chip compression ratio, and the chip segmentation frequency, and consequently, is expected to influence the dust emissions.
The tool rake angle can be either positive or negative. While cutting forces do decrease with an increase in rake angle, the fact however, is that a tool with a very high positive rake angle lacks strength: larger rake angles reduce the rate of heat dissipation along the tool, while negative rake angle tools have increased strength and increased heat dissipation (Ref 36) . Most of the effects of the tool rake angle, such as those on tool life, chip form, and surface finish, also depend on the cutting speed used.
Typical rake angles recommended for roughing operations with carbide inserts and solid carbide tools are +3.5°for mild steel, brass, and bronze, 0°for cast iron and cast brass, and +13°for light alloys (Ref 37) .
Experimental tests conducted on the orthogonal cutting of steels, gray cast iron, and aluminum alloys, with different rake angles, have shown a significant increase in dust emission when a positive rake angle is used (Fig. 4-7) . For all tested materials, the tendency is the same, but with ductile materials such as steels and aluminum alloys (Fig. 4-6 ), the particle emissions are proportionally very high compared to the particle emissions of brittle materials such as gray cast iron (Fig. 7) . Indeed in the case of gray cast iron machined at cutting speeds of 200 and 250 m/min (Fig. 7) , the particle emissions are very low when the tool rake angle is null. The deformation and dust emission behavior of brittle materials is different from that of ductile materials: in the case of ductile materials, the chip is formed by brittle crack instead of plastic deformation, whereas with ductile materials, dust emission is controlled by the porosity density and the brittle crack occurring during chip formation. The high level of deformation and the difficulty of chip evacuation seen with negative rake angles can generate a small increase in dust emission in some cases. To reduce the dust emission, negative or null rake tool angles are recommended. In the case of negative rake angles, the cutting forces and the deformation are higher than with a positive rake angle, thus making a null or a low rake angle more advantageous.
Effect of Cutting Speed
Arumugam et al. (Ref 35) studied dust mass concentration during machining and found that the cutting speed is the most influential of all the cutting parameters (feed, speed, and depth of cut), and that the concentration decreases as the speed is increased.
Songmene et al. (Ref 28, 29) found two different zones (I and III) corresponding to low and high cutting ranges, respectively, in which the dust emission is low, with high dust emissions seen between the two zones. This tendency was confirmed by Khettabi et al. (Ref 30) in the turning of aluminum alloys and steels. That result was also confirmed in this work during the dry turning of aluminum alloys and steel materials (Fig. 2) . Given these results, a two-level factorial design, such as the one used by Arumugam et al. (Ref 35) , is not appropriate for studying the effects of the cutting speed on dust emission. Such a design strategy fails to recognize quadratic effects, and a composite or a three-level factorial design should be used instead. In this work, a one-factor-at-atime type design with three levels of rake angle, four levels of materials and five levels of cutting speed was used, and the experiments were repeated three times.
Machining in zone I (low cutting speeds) is not recommended because productivity would be reduced. In zone III (high cutting speeds), which is the recommended zone, dust emission decreases while the productivity and the part quality are improved, and so high speed machining is not only good for improving productivity and lowering the cutting forces and energy consumption, but also for protecting the environment and worker health.
Gray cast iron, which is a brittle material, presents a special behavior (Fig. 3) . In this case, zone III has disappeared and dust emission is continuously increased with the cutting speed. The decrease in dust emission at high speed (zone III) is attributed to the softening effect of ductile materials, and is not the case for brittle materials such as gray cast iron. Khettabi et al. (Ref 30) developed an emissivity factor, called Dust Unit ÔDu,Õ which is defined as the ratio between the mass of the dust generated and the mass of the chip produced. This index is highly appropriate for comparing dust emissions resulting from different processes (drilling, turning, and milling) and for performing dust analysis when the machined volume and mass are not equal. In orthogonal cutting at constant depth and length of cut, the dust unit will be the same because for the volume or mass of metal removed, the total dust for a given set of machining parameters is constant. In the following sections, we will use the dust unit (Du) to characterize and analyse dust emissions.
Nanoparticles and Size Distribution During Machining
For a long time, air quality standards were based on particles sized below 10 lm (PM10), but this has recently been revised downward to PM2.5 (particles with size below 2.5 lm). The results presented so far in this work (Fig. 4-7) were monitored using PM2.5 standards. Though instrument used for this study (a laser photometer ÔÔDustrackÕÕ) did not allow a measurement of the particle size distribution, it is however not known whether submicronic particles are potentially more dangerous than fine particles, and so it is important to study the generation of submicronic and nanoparticles. An APS coupled with a scanning microscope particle sizer (SMPS) was used to study the particle distribution during orthogonal turning. It has been found that the deposition of particles less than 0.03 lm in size increases as particle diffusivity increases, and that the deposition efficiency increases as compared to a particle with a diameter greater than 0.03 lm, in which the particle efficiency is less than 10% ( Ref 38) . Therefore, nanoparticles present a serious danger to health and to the environment.
During and after the cutting process, analyses of dust generated revealed the presence of a large range of sizes. When analyzing the particle size, it is useful to employ histograms, which aid in visualizing the range and the frequency of the sizes present. According to Reist et al. (Ref 39) , for better visualization, the data distribution is spread out by plotting the logarithms of particle diameters on the abscissa instead of the diameters themselves. To maintain the relationship that the area between two particle size intervals is proportional to the total number of particle present, the ordinate scale is obtained as follows:
where y is the ordinate, Dn is the number of particles in each interval, and D log d is the difference in the logarithms of the largest and the smallest particle sizes of the interval considered. Similar figures are also obtained for particle surface area, particle mass, and volume. The nanoparticles present a very high sedimentation time due to their small size and the Brownian relaxation time. It is shown in Fig. 8 and 10 that the concentration decreases significantly as particle sizes increase during the cutting of AISI 1018 steel. Most particles generated by machining are nanometric ( Fig. 8 and 10) , and the effect of the tool rake angle is considerable. Positive rake angles produce more particles than do negative rake angles (Fig. 8-13 ), confirming the fact that the machining process produces particles of micronic and submicronic sizes. The generation of metallic particles with sizes higher than 10 lm is not significant. However, mass concentration, specific surface, and size distribution analyses present a significant concentration of particles of about 250 nm ( Fig. 11  and 12 ). For micronic sizes, a higher concentration in number and in specific surface was found for particles less than 2 lm (Fig. 8 and 10 ). The size distribution is almost uniform for the mass concentration and is independent of particle sizes (Fig. 9) . A high number of nanoparticles per unit volume of air was found for a particle size of about 20 nm for both negative and positive tool rake angles.
A cutting tool with a +7°rake angle produces more micronic particles (almost double) as does a cutting tool with a negative rake angle (a = À7°). This tendency is observed whatever the number of particles, the mass, or the specific surface involved (Fig. 8-10) , with the same behavior observed for nanoparticles (Fig. 11-13 ). 
Chip Formation and Chip Segmentation
Orthogonal cutting allows a simplification of the cutting process. The chip formation mode is an indication of type of deformation taking place during the cutting process. To study and identify dust formation during machining, we must determine the chip segmentation, the chip ratio, and the chip shape. Figure 14 schematizes the uncut chip cross section in an orthogonal cutting process.
Chip segmentation is an important index that can help to identify the source and mechanisms of dust emission. The segmentation is observed in Table 2 , as the chip segmentation increases with the increase in cutting speed and the reduction in the tool rake angle.
In addition, the chip segmentation was defined by Xie et al. (Ref 40) through the introduction of the chip segmentation coefficient b
where T is the temperature, q is the workpiece density (kg/ m 3 ), C p is the workpiece specific heat in (J/kg K), l is the average friction coefficient, s is the shear stress, and B 0 is a coefficient defined as follows:
where K p is the workpiece thermal conductivity (w/m) and c AB is the shear in the primary shear zone. Xie et al. (Ref 40) found that there are some critical values of the product of the cutting speed and feed rate at which the chip segmentation begins. The segmentation can also be defined by the segmentation band density. The measurement is carried out with special SEM software. Let l be a distance corresponding to 10 segmentation bands; then, the segmentation density g S will be the inverse of the bandwidth:
where l b is the bandwidth. For the aluminum alloy 6061-T6 cut with a À7 rake angle, the segmentation is observable at speeds starting at 200 m/min, while for the null rake angle, observable chip segmentation starts at about 250 m/min, and for a +7°rake angle, there is no noticeable segmentation. In the absence of noticeable chip segmentation, the chip is continuous, whereas it is partially or completely segmented when segments are visible. These results are summarized in Table 3 .
The chip compression ratio is presented in Table 4 in the same format as in Table 3 . In both tables (Table 3 and 4), the empty boxes represent a continuous chip formation zone. The chip compression ratio C h can be calculated as follows:
where a is the tool rake angle and / is the shear angle, which can be measured or calculated by the Zvorykin formula (Eq 6):
The chip compression ratio can also be geometrically measured by:
where h is the undeformed chip thickness and h c is the chip thickness.
In Table 4 , the chip compression ratio is measured geometrically for the aluminum alloy 6061-T6. When the cutting speed increases, the chip compression ratio increases, and the chip becomes thin and brittle, and when this happens the dust emission rate decreases significantly.
There is a correlation between chip morphology, cutting parameters, and dust emission. Continuous chips produce more dust than segmented chips, while an increase in the segmentation density increases dust emission. In Table 3 , the density of segmentation drops from a certain value of cutting speed, depending on the tool geometry. However, the negative tool rake angle produces more brittle and segmented chips than does the positive tool rake angle (Table 3 and 4) , and therefore, the decrease in the tool rake angle increases the brittleness of the chip during machining. For a positive tool rake angle, the deformation is less than that obtained with the negative tool rake angle, but the contact length is also greater in the positive rake angle. Consequently, dust emission increases as the tool rake angle increases (Fig. 4-13) .
The size distribution analysis presents the same behavior regarding the effects of the tool rake angle, cutting speed, and materials. For nanoparticles and different concentrations, the negative tool rake angle produces less nanometric dust than does a positive rake angle under the same conditions.
Conclusion
In this work, the influence of tool geometry on dust emission was studied. It was shown that a À7°tool rake angle generates less dust than a +7°rake angle because of a higher degree of chip segmentation when using lower tool rake angle. In order to reduce dust emissions even further, a null or negative rake angle is recommended; however, it would seem that the null rake angle is optimal for obtaining less chip deformation (minimum cutting load) and minimum dust emission. The material used has a significant impact on dust emission; specifically, the brittleness of the chip plays an important role. There are three different ranges of cutting speeds for which dust emissions are different, with the presence of the third being a characteristic of ductile materials. Dust emission increases with cutting speeds for brittle materials, but the quantity of particle emission remains generally very small when compared to the situation with ductile materials.
Experimental results show that most particles generated (number) during machining are nanoparticles of about 20 nm in aerodynamic diameter. In future works, an analytical model will be developed to predict dust emission levels, taking into account the effects of cutting parameters, workpiece material, tool geometry, and particle size distribution. 
